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ABSTRACT 
Influence of the contents of epoxy resin modified by castor oil (ECO), 4,4’- diamino 
diphenyl methan (DDM) on the crosslinking reaction of ECO by DDM at 180 oC have been 
studied and mol ratio of A/E = 1, curing time of 270 min have been determined to be the optimal 
conditions for formation of the cured coating having gel fraction, swelling degree, flexibility, 
adhesion, impact resistance, and relative hardness of 86 %; 188 %; 1 mm, 0 point, 200 kG.cm 
and 0.33, respectively. 
Keywords: epoxy resin, castor oil, 4,4’- diamino diphenyl methane, curing. 
1. INTRODUCTION 
Thanks to epoxy, hydroxyl groups and double bonds, epoxy resins modified by unsaturated 
triglyceride vegetable oils can be chemically converted or cured by different methods [1-5]. The 
published research results of the Laboratory for Rubber and Natural Resins Material (LRNRM), 
Institue for Tropical Technology (ITT) showed that systems based on epoxy resin modified by 
soyabean oil and DDM can be cured at high temperature with formation of high performance 
coatings [5]. Therefor, DDM have been used for curing of epoxy resins modified by various 
vegetable oils. This work presents some results of the study of the influence of constituent ratio on 
the crosslinking reaction of castor oil modified epoxy resin by 4,4’-diamino diphenylmethane.  
2. EXPERIMENTAL 
2.1. Materials 
Epoxy resin modified by castor oil having epoxy content of 2 mol/kg, oil content of 39 % 
was synthesized at the LRNRM, ITT. 4,4’-diamino diphenylmethane of P grade was purchased 
from Aldrich, Germany. Xylene and butanol of P grade were obtained from Singapore.  
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2.2. Samples preparation  
The investigated systems were prepared by thorough mixing of different proportions of the 
ECO and DDM (Table 1) in the mixture of xylene and butanol with the weight ratio of 
xylene/butanol = 60/40. 




Epoxy (E) Amin (A)  
1 1 0.5 
2 1 0.75 
3 1 1.0 
4 1 1.3 
5 1 1.6 
Films of the various resins shown in Table 1 were cast either on a KBr crystal for Infrared 
(IR) spectroscopy analysis, or on a glass plate for hardness measurements, gel fraction, swelling 
degree determination, or on steel, cuprous plates for determination of other physico-mechanical 
properties. The thickness of the dry film was typically 20 µm. 
2.3. Curing of investigated samples 
The curing of investigated samples was realized in the Memmert-unb-200 oven (Germany) 
at 180 oC. After definite intervals of time, the samples were taken for analysis. 
2.4. Analysis 
The analyses of investigated samples were performed at the ITT, Academy of Science and 
Technology (VAST). 
2.4.1. IR analysys 
The infrared spectra of the sample, before and after curing were recorded by means of an 
FTIR spectrophotometer (NEXUS 670 from Nicolet). The changes of the reactive functional 
groups during the curing were monitored quantitatively by following the variation of their 
characteristic IR absorption bands, using absorption band at 2929 cm-1 (saturased C-H bonds), 
unchanged during the curing reaction, as an internal reference [1, 6]. 
2.4.2. Determination of the gel fraction and the swelling degree 
The gel fraction was determined by soaking the samples in the solvent mixture of xylene 
and butanol with the weight ratio of xylene/butanol = 60/40 for 24 h at the room temperature. The 
insoluble part of the coating was recovered by filtration and dried at 40 oC to a constant weight. 
The gel fraction was evaluated from the weight ratio of the insoluble part to the initial sample. 
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The swelling degree was calculated from the weight ratio of the swollen polymer to the dry 
polymer. 
2.4.3. Determination of the physico-mechanical properties 
The Persoz hardness of the cured polymer, coated onto a glass plate, was measured by 
means of a pendulum damping tester (model 300, Germany), according to the standard Persoz 
(NFT 30-016). The relative hardness of a coating was evaluated by making the ratio of its Persoz 
hardness to the Persoz hardness of standard glass plate which was measured to be 425s. The 
impact resistance of the coatings was determined by means of an impact tester (model 304, 
Germany), according to the ISO 6272. The adhesion of the coatings on the steel was evaluated 
by using the Elcometer Cross Hach Cutter (England) according to ISO 2409. The ranking goes 
from 5 (worst) to 0 (best). The flexibility of the coatings on the cuprous plate was determined by 
means of a flexibility tester (model Ш Г – 1, Russian), according to the ГOCT 6806 – 53.  
3. RESULTS AND DISCUSSION 
3.1. IR spectra of curable system on the base of castor oil modified epoxy resin and 4,4’-
diamino diphenylmethane  
The IR spectra of the coatings of the system DDM/ECO having mol ratio A/E = 1/1 before 




























































































 1000   2000   3000   4000  
Wavenumbers (cm-1)
 
Figure 1. IR spectra of ECO (a), DDM (b) and system DDM/ECO  
having mol ratio A/E = 1/1 before (c) and after (d) 390 min curing at 180 oC. 
The characteristic IR absorption bands of the constituents in the investigated systems and 
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Table 2. Most significant IR absorption maxima of constituents, curable systems and their variation               
during curing process. 
No Wave number (cm-1) Vibration Intensity variation 
1 3448 -NH stretching Markedly reduced  
2 3402 -OH stretching Increased 
3 2929 -CH, – CH2-  and – CH3 stretching Unchanged 
4 1730 C = O stretching Unchanged 
5 1508 Stretching of aromatic double bonds Unchanged 
6 1371 C – H symmetrical deformation of –CH3 groups Unchanged 
7 917 Bending of the rings of epoxy groups Induced 
8 775 Stretching of epoxy groups Induced 
It can be seen in the Fig.1 and Table 2 that the absorption band at 2929 cm-1 (saturated C-H 
bands) as well as its intensity remain essentially unchanged during the curing process. The 
absorption bands at 917 cm-1 (ECO epoxy) and 3448 cm-1 (DDM amine) have been markedly 
reduced after 390 min curing at 180 oC. Hence, the absorption bands at 917 and 3448 cm-1 were 
used for the quantitative evaluation of the changes in the functional groups of the coatings 
during their curing. The absorption band at 2929 cm-1 was used as reference for our quantitative 
evaluation of the reaction kinetics.   
3.2. Study of the variation of amine groups during the curing process 
The influence of the mol ratio A/E on the conversion of amine groups during the curing 
process is demonstrated in Fig. 2.  
 
Figure 2. Variation of amine groups during the curing process. Reaction temperature 180 oC. 
As shown in Fig. 2, the increase of the DDM content in the investigated systems having the 
mol ratio A/E ranged from 0.5 to 1.6, does not affect the conversion of amine groups of the 
systems with various initial amine contents during the first 50 min of the curing process. This 
indicates the conversion rate of amine groups increased with the amine content. The amine groups 
have been almost totally converted in the coatings having the mol ratio A/E of 0.5, 0.75, 1.1 after 
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100, 150 and 270 min of the reaction, respectively. However, only 80 and 67 % amine groups have 
been converted in the coatings with the A/E ratio of 1.3 and 1.6, respectively, after 390 min of the 
reaction. 
3.3. Study of the variation of epoxy groups during the curing process 





























Figure 3. Variation of epoxy groups during the curing process. Reaction temperature 180 0C. 
It can be seen from Fig. 3 that epoxy content in investigated coatings markedly decreased 
during the first 30 min of the curing process. Then, conversion rate of epoxy groups gradually 
slows down. The conversion rate of epoxy groups increased with the mol ratio A/E. After 90 
min of the reaction, the conversion of epoxy groups in the coatings with the mol ratio A/E of 0.5, 
0.75, 1.0, 1.3 and 1.6 reached the values of 58 %, 67 %, 82 %, 92 % and 97 %, respectively. 
Epoxy groups of the coatings having the ratio A/E of 1.0, 1.3, 1.6 were almost totally converted 
after 160 - 270 min of the reaction. 
The obtained results can be explained by the reduction of the mobility of the reactive 
functional groups in the coatings during the curing process. At the beginning stage of the curing 
reaction, the formed polymer network was rather loose, the mobility of the reactive functional 
groups was high and curing reaction occurred rapidly. After that, the polymer network became 
tighter, thus, diminishing the mobility of the functional groups and reaction rate.  
3.4. Variation of relative hardness 
The variation of the relative hardness of the coatings on the base of ECO and DDM having 
different mol ratio A/E during the curing process is presented in Fig. 4.  
As demonstrated in Fig. 4, during the first 50 - 150 min of the reaction the relative hardness 
of investigated coatings increased with the DDM content. After that, the relative hardness of the 
coatings having the ratio A/E of 0.5, 0.75, 1.3, 1.6 was almost unchanged, while the one having 
the A/E ratio of 1.0 continued to increase, reached the value of 0.33 and was unchanged after 
270 min of the reaction. These can be explained by the excess of amine groups in the the 
coatings having the ratio A/E of 1.3 and 1.6. Similarly, the relative hardness of the coatings 
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having the ratio A/E of 0.5 and 0.75 could not increase after 75 - 150 min of the reaction because 



























Figure 4. Variation of the relative hardness of the coatings on the base of ECO and DDM having 
different mol ratio A/E during the curing process. 
3.5. Variation of gel fraction and swelling degree 
The variation of gel fraction and swelling degree the coating with mol ratio A/E = 1 during 






























Figure 5. Variation of gel fraction and swelling degree of the coating with mol ratio A/E = 1 during                 
the curing process. 
It can be seen from Fig. 5, the gel fraction of the coating increased and gained the values of 
29 %, 48 %, 75 %, 76 %, 83 % and 86 % after 20, 40, 60, 90, 150 and 270 min, respectively, of 
the curing process. Then, it was unchanged with the extension of the reaction. Accordingly, the 
swelling degree of the coating decreased, reached the lowest value of 188 % and was unchanged 
after 270 min of the reaction. So, the coating was totally cured after 270 min of the reaction. 
As indicated in Fig. 2 and Fig. 3, the amine and epoxy groups in the coatings having the mol 
values A/E of 0.5, 0.75, 1.0, 1.3 and 1.6 became invariable after 150, 160, 270, 160 and 100 min, 
respectively, of the curing reaction. The gel fraction and swelling degree of the coatings, 
determined at the reaction time are presented in the Table 3. The coating with the ratio A/E = 1 has 
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highest gel fraction (86 %), lowest swelling degree (188 %). After 270 min of the curing reaction it 
became hard and stiff.  
Table 3. Gel fraction and swelling degree of the cured coatings on the base of ECO and DDM. 
Mol ratio A/E Reaction time (min) Gel fraction (%) Swelling degree (%) 
0.5 150 67 192 
0.75 160 76 201 
1.0 270 86 188 
1.3 160 80 188 
1.6 100 78 268 
The above mentioned research results demonstrate that the optimal conditions for curing of 
the coatings on the base of ECO and DDM at 180 oC are the followings: mol ratio A/E = 1, curing 
time 270 min. 
At the optimal curing conditions, the impact resisitance, flexibility and adhesion of the 
coating were determined to be 200 kG.cm, 1 mm and point 1, respectively. 
4. CONCLUSION 
Based on the research results of the study of IR spectra of the curable system containing 
ECO, DDM before and after the curing, the characteristic absorption bands of epoxy groups at 
917 cm-1 and of amine groups at 3448 cm-1 have been chosen for quantitative determination of 
the groups during the curing process, using characteristic absorption band of saturated C-H 
bonds at 2929 cm-1, unchanged during the reaction process, as an internal reference.  
The results of the study of the variation of amine and epoxy groups; gel fraction, swelling 
degree and relative hardness of the coatings with various contents of amine and epoxy groups 
during the curing process at 180 oC showed that the cured coating with the best performance: 
Gel fraction of 86 %, swelling degree of 188 %, relative hardness of 0.33, impact resistance of 
200 kG.cm, flexibility of 1 mm, adhesion of point of 1 was obtained at the curing at 180 oC at 
the optimal conditions: mol ratio of amine and epoxy groups to be 1, reaction time 270 min. 
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